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ABSTRACT
The interactions of ambient molecules with graphene-based devices, espe-
cially sensors, is of great importance as such interactions could impact the
operation of the device, often producing unpredictable effects. In this project,
we focus on a graphene humidity sensor based on capacitance measurement to
uncover fundamental physical mechanisms governing the operation of the de-
vice. Using molecular dynamics (MD) and density functional theory (DFT)
simulations, we show that ambient molecules (mainly O2 and H2O) can ap-
pear on the top of graphene, and get intercalated between graphene and
the substrate (HfO2). Both of these phenomena can have large effects on
graphene sensing behavior. When the device is in vacuum, the oxygen va-
cancies (VOs) on the surface of the substrate can induce n-type doing effect
to graphene. Then the device is brought into dry air, where O2 molecules
will enter between graphene and the substrate and fill the vacancies, which
eliminates the n-type doping effect. O2 molecules also appear on the top
of graphene, acting as electron acceptors and causing p-type doping effect
on graphene. After that the device is brought into the atmosphere, and the
intercalation of H2O molecules underneath graphene is observed. The inter-
facial distance between graphene and the substrate is enlarged, thus changing
the measured capacitance. At the same time, H2O molecules appear above
graphene will displace some of the originally existing O2 molecules, which
causes graphene to be less p-type doped than before. Our simulations un-
cover how a capacitance-based graphene humidity sensor works, which is due
to change of the interlayer distance caused by intercalated water molecules
underneath graphene. Also through the interactions between graphene sensor
system and ambient molecules, we understand the doping effect on graphene
during the operation process.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivations
Since graphene’s discovery in 2004 [1], it has been widely used in many differ-
ent and interesting device applications, as field-effect transistors[2], optical
modulators[3], photodetectors[4] and a variety of chemical sensors. Because
of its very large surface to volume ratio, graphene used as chemical sensing
material is of particular importance[5, 6, 7]. In 2007, it was found that the
change of the resistivity of graphene could follow the change of the surround-
ing analyte concentration closely, opening a new way for chemical sensing[8].
The experiments showed that graphene had such high sensitivity to the
charge transfer from the surrounding molecules that it could even detect in-
dividual gas molecules. Since then, resistance-based graphene chemical sen-
sors have attracted significant attention to detect air pollutants, metal ions
and biological molecules. For instance, chemically converted graphene was
used to build a sensor and the detection of NO2 and NH3 was presented[9].
Then Nafion-graphene composite film based electro-chemical sensors showed
improved sensitivity for the heavy metal ion, as Pb2+ and Cd2+, proving ex-
cellent detection for these soil pollutants[10, 11]. Graphene chemical sensors
were even used for DNA base detections, an electrochemical DNA sensor
based on graphene (chemically reduced graphene oxide) was reported[12],
which provide a simple, accurate platform for DNA sequencing.
With the development of resistance-based graphene chemical sensors, some
prominent problems are emerging. For example, specifically designed com-
plicated outer circuits are required for the signal readout, the interference
induced by the contact between deposited metal electrode and graphene sur-
face should be considered, and it is hard for the whole system to be brought
into real application easily because of the complex system. Capacitance-
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based graphene chemical sensors can deal with these issues successfully[13].
The basic idea is to build a device with graphene on a specific substrate
(usually high-dielectric constant materials such as HfO2), then measure the
capacitance of the whole device under different analyte concentrations. The
measured capacitance is a series of the geometric capacitance (CG) between
graphene and the substrate and the quantum capacitance (CQ) of graphene,
expressed as the following,
1
CTOTAL
=
1
CG
+
1
CQ
(1.1)
Usually the device is integrated with an inductor and assembled into a
simple LC circuit, when the analyte-induced capacitance of the system is
changed, the resonant frequency of the resulting LC circuit is altered and
this shift could be detected wirelessly. Since its wireless measurement, the
complicated outer circuits is not necessary, which makes this device feasi-
ble and easy in real applications. The sensor is also robust against outer
interference because the analyte concentration is translated as the resonant
frequency of the inactive LC ocillating circuit. From the device point of view,
the capacitance-based graphene chemical sensor uses a local buried gate elec-
trode over which a thin-layer of HfO2 is deposited, followed by one layer of
graphene on top. Because of the back-gated structure, graphene is exposed
to the local environment and hence sensitive to the change of the chemi-
cal compositions around. All of the above reasons make capacitance-based
graphene sensor a promising device for chemical sensing applications.
(a) (b)
Figure 1.1: (a) Schematic view of the capacitance-based graphene vapor
sensor mechanism. (b) Circuit diagram and cross-section schematic view of
capacitance-based graphene vapor sensor. [13]
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To testify the operation of the capacitence-based graphene sensor system,
our collaborating experimental group used water vapor as the analyte to con-
duct a series of tests. The device was first tested in the vacuum, then brought
into dry air and finally brought into atmosphere [14]. In the atmosphere the
humidity was controlled to change as intented and the capacitance of the
whole device was measured against the humidity. It was found that the mea-
sured capacitance of the device would follow the change of the controlled
humidity closely [14]. At the same time, from the location of the minima
of the capacitance-humidity curve, the doping effect on graphene was de-
termined. It turned out that graphene was n-type doped in the vacuum
condition, p-type doped in the dry air circumstance and less p-type doped in
the atmosphere. The results indicate the capacitance-based graphene chem-
ical sensor is a promising device to detect the humidity change, while the
physical mechanism is not clear yet. The interactions of the graphene chem-
ical sensor and surrounding molecules should play an important role in the
operation process. In this study, we utilized MD and DFT simulations to
model the operation process of the capacitance-based graphene chemical sen-
sor system under different conditions to uncover the physical mechanism of
the humidity-detecting behavior.
1.2 Thesis Overview
This thesis provides a comprehensive computation study to explore the in-
teractions of graphene/HfO2 system with the ambient small molecules O2
and H2O under different conditions to obtain graphene electronic property
changes and uncover the mechanism of the humidity detection behavior
through the measurement of the total capacitance of the graphene chemi-
cal sensor.
Chapter 2 discusses the basic concept, computational method and the
utilized model. The concept of quantum capacitance (CQ) is introduced
and explained. It is shown that quantum capacitance of 2D material has
relatively large values which could not be ignored, comparing with that of
3D materials. Also the quantum capacitance has close relationship with the
density of states (DOS) and the doping effect of the material. The method
and corresponding parameters utilized to conduct this study is introduced.
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The process to establish the amorphous HfO2 substrate and the assembly
of graphene and the substrate to a chemical sensor system is discussed in
detail. The work in this chapter sets the foundation of the following studies.
Chapter 3 shows the interactions of graphene with defective HfO2 sub-
strate, corresponding to the vacuum condition. We show that the oxygen
vacancies (VOs) on the surface of the substrate are reactive sites and induces
n-type doping effect on graphene.
Chapter 4 introduces the model mimicing the dry air case in which the
graphene/defective HfO2 system interacts with O2 molecules. The inter-
calated O2 molecules are shown to fill the original existed oxygen vacancies
(VOs) on the surface of the substrate and eliminate the n-type doping effect
from the defects. The top O2 molecules are presented as electron acceptors,
inducing p-type doping effect on graphene.
Chapter 5 talks about the case when the graphene/defective HfO2 +
O2 system is brought into atmosphere. The work focuses on the effect of
H2O molecules intercalated underneath graphene and the competition of
H2O molecules against O2 molecules on the top of graphene. The overall
results are the increase of the interlayer distance between graphene and the
substrate, and the less p-type doping effect on graphene.
Chapter 6 summarize the major accomplishments of the thesis and shows
the possible future directions of the research.
4
CHAPTER 2
CONCEPT, METHOD AND MODEL
2.1 Introduction
Graphene has excellent mechanical and electronic properties, but in real ap-
plications it is generally positioned upon a specific substrate to support it.
Because of its low thickness, structural properties of graphene can be changed
when it is deposited on the top of a substrate, thus changing the electric
properties correspondingly. The adsorbed graphene follows the corrugations
of the surface of the substrate, which induces the fluctuation of charge densi-
ties, and thus affects the charge carrier mobilities [15]. Moreover, the surface
of the substrate is usually not perfect, having some impurities and intrinsic
defects, which will promote doping effects on graphene. In semiconductor
devices, SiO2 is usually used as a gate dielectric material. When SiO2 serves
as a substrate, n− or p−type doping of graphene on SiO2 surface was ob-
served because of the presence of atmospheric oxygen and the defects on the
surface of SiO2[16]. Hence, it is very important to consider the interface
between graphene and the substrate.
Recently Hafnium Oxide (HfO2) has received significant attention as a
potential candidate to replace SiO2 because of its high dielectric constant
(between 20 to 30). HfO2 will have a better screening against the defects
or impurities at the graphene-substrate interface. Moreover, it overcomes
current leakage and allows further miniaturization of semiconductor devices.
In real applications HfO2 substrates are often required to be amorphous
to obtain isotropic physical properties and decrease the number of defects
on the surface. Actually, when HfO2 layers are deposited by atomic-layer
deposition and annealed, it is often amorphous. Very recently the usage
of amorphous hafnium oxide (a-HfO2) as a substrate under graphene was
dicussed [17], the energetic stability, electronic and structural properties of
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the whole system was examined by ab initio investigations, showing a-HfO2
to be a promising dielectric mateial. For this study we tend to build a system
with graphene on top of a-HfO2 and use this model as a humidity sensor.
Besides, the concept of Quantum Capacitance would be referred in this
study. As an effective concept to describe the charge accumulation process
of materials, quantum capacitance is important especially in the device ap-
plications concering 2D materials. We will see the relationship of quantum
capacitance with the density of states of materials in the following part.
In this chapter, we will talk about the concept of Quantum Capacitance,
deal with the parameter settings for molecular dynamics (MD) and Density
Functional Theory (DFT) simulations. The establishment of a-HfO2 sys-
tem with MD simulations would be discussed in detail, and the structural
properties of the obtained a-HfO2 are checked, validating the accuracy of
the structure against the published results[17]. Then we will put graphene
on the top of a-HfO2 to assemble the whole system.
2.2 Quantum Capacitance
The concept of quantum capacitance was introduced by Surge Luryi in 1987
when he was conducting the research about 2D electron gas system [18].
Quantum capacitance is an effective concept to reflect the process of elec-
trons filling the quantum states with confinements. When electrons are intro-
duced to a certain material, charges are accumulated. With the restriction
of Pauli Exclusive Principle, when electrons are filling the states from low
energy levels to high energy levels, the Fermi Level of the material will be
shifted. For external circuits this process could be modeled as an effective
capacitance, describing the phenomena that the Fermi Level is shifted due to
the accumulation of the charge carriers. However, for 3D semiconductors or
metal materials, their density of states (DOS) is so large that finite value of
charge accumulation could not induce obvious shift of the Fermi Level and
the corresponding quantum capacitance is infinity, which makes its effect un-
obvious since the quantum capacitance of the material is often in series with
other capacitance components. While for low dimensional material, as 2D
electron gas confined within a quantum well, or 2D materials like graphene,
their DOS is much smaller due to the quantum confinement, which need
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significant Fermi Level shift to accumulate certain amount of charges on the
surface of the material, inducing a finite value of quantum capacitance. Thus
the concept of quantum capacitance is more important for 2D materials. The
definition of quantum capacitance (CQ) is as the following,
CQ =
dQ
dVch
(2.1)
Vch is the electrostatic potential of the material, satisfying Vch=EF/q, and
Q is the concentration of the charge accumulation of the material. At 0 K,
the quantum capacitance could be expressed as the following.
CQ(Vch) = q
2DOS(qVch) (2.2)
DOS refers to the density of states of the material. The above equation
shows that the quantum capacitance of material is propotional to its density
of states at 0 K. Normally the density of states of material is a large value, so
the effect of quantum capacitance emerges only in the materials with smaller
value of density of states.
Concerning graphene, combining the relationship between the density of
states and its electrostatic potential, we have [19]
CQ =
2q2kT
pi(~vF )2
ln(2(1 + cosh
qVch
kT
)) (2.3)
where vF is the Fermi velocity of carriers in graphene. Under the condition
qVch  kT , the above expression reduces to Eq 2.1. From all the equations,
a close relationship between the density of states (DOS) of graphene and the
quantum capacitance of graphene is seen. Reminding that the measured to-
tal capacitance of the device is a series of the geometric capacitance between
graphene and the substrate (CG) and the quantum capacitance of graphene
(CQ) as expressed in Eq 1.1, we see several factors can affect the measured
total capacitance. The interlayer distance between graphene and the sub-
strate, and the dielectric constant at the interface will influence CG, while
the DOS of graphene and the doping effect on graphene can change the value
of CQ. These factors will be discussed for the graphene chemical sensor under
different ambient conditions in the following chapters of the thesis.
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2.3 Method and Parameter Settings
In this project, we will study the interactions between graphene/a-HfO2
system and ambient molecules in the atmosphere, as H2O and O2. In order
to investigate the electronic property change during the operation of the de-
vice, systematic first principle DFT simulations were performed with SIESTA
package [20]. We employed generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [21]. Dou-
ble zeta polarized basis set (DZP) was used to expand the orbitals. The real
space grid mesh cutoff value was set to be 300 Ry. A Monkhorst-Pack grid
of 4× 4× 1 was used for structure relaxation and 18× 18× 1 for electronic
property calculations [22]. A vacuum region of 15 A˚ was applied in the z-
direction of the periodic box to avoid nonphysical effect from images. The
structure was relaxed until the maximum residual force of the system was
less than 0.05 eV/A˚ before obtaining the electronic properties.
The dynamic process of the interactions between graphene/a-HfO2 system
and atmospheric H2O and O2 molecules were investigated with MD simula-
tions using LAMMPS package [23]. We applied a hybrid potential to describe
the atomic interactions. The graphitic carbon-water non-bonded parameters
[24] were used for the interaction between graphene and H2O molecules. The
carbon atomic interaction within graphene was modeled by AIREBO poten-
tia [25]. During the simulations, the positions of HfO2 substrate were fixed,
and the van der Waals force [described by Leonard Jones (LF) potential]
and Coulomb force (described by Couloub potential) were used to model the
interactions between HfO2 and graphene/H2O. LJ parameters for Hf -Hf
and O-O interactions were obtained from Universal Force Field (UFF) [26],
and a mixing rule was used to obtain LJ parameters modeling the interac-
tions of Hf -C, Hf -O, Hf -H.The time step was set to be 0.1 fs, and NVT
ensemble was applied with Nose-Hoover thermostat at 300 K.
2.4 Amorphous Hafnium Oxide
Amorphous Hafnium Oxide (a-HfO2) model was used to support graphene
as a substrate. We generate the structure of a-HfO2 with MD simulations
using LAMMPS package. Charge optimized many body (COMB) potential
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[27] was used to illustrate the interaction between hafnium (Hf) and oxygen
(O) atoms. The timestep was set to be 0.1fs, and NPT ensemble was applied
with Nose-Hoover thermostat at 300K and barostat at 1 atm. We applied
typical annealing and quenching processes to generate amorphous structure
of HfO2. Firstly, HfO2 monoclinic structure of 96 atoms was constructed
and relaxed at 300K. Then the system temperature was gradually increased
to 4000K and maintained. Under this temperature HfO2 is melted and be-
comes liquid, the atoms are not sustained at their original lattice positions
and will move around. After the process of annealing, the system was grad-
ually cooled down to 300K and maintained. HfO2 is gradually condensed
back to solid, and the resulting structure was amorphous. Figure 2.1 shows
the change of the temperature, pressure, volume and total energy of the
system during annealing-quenching process, respectively.
The obtained amorphous HfO2 structure was relaxed in DFT again be-
fore the calculation of structural and electronic properties. In order for the
convenience of the model establishment in the following parts, we change the
monoclinic unit cell into cubic cell. Since the HfO2 structure is now amor-
phous, this change is acceptable. Figure 2.2 shows the monoclinic HfO2,
amorphous HfO2 with monoclinic unit cell and amorphous HfO2 with cu-
bic unit cell, respectively. In order to verify that our a-HfO2 structure is
accurate and suitable for a substrate, we calculate the radial distribution
function (RDF), coordination number and density of states (DOS) of the
structure, the results are shown in Figure 2.3, which are in agreement with
those in the previous study [17]. Then graphene was put on the top of the
obtained and verified a-HfO2 structure and the whole system was put into
relaxation with DFT. The final configuration is shown in Figure 2.4a, with
the interlayer distance as 2.0107 A˚ (the interlayer distance is defined as the
vertical difference between the locations of the lowest atom in graphene and
the highest atom in HfO2). We can see obviously that graphene is in a
rippled shape now because of the interaction with the substrate.
One of the important issues concerning the performance of graphene after
deposited onto a substrate is the doping effect on graphene. The electron den-
sity distribution is a straightforward way to show the doping effect, whether
graphene is losing or obtaining electrons, through which the doping effect
on graphene is reflected. In order to study the change in electron density
of graphene due to its interaction with the substrate, the charge density
9
(a) (b)
(c) (d)
Figure 2.1: (a) Temperature change (b) pressure change (c) volume change
and (d) total energy change of the HfO2 system during
annealing-quenching process
10
(a) (b)
(c)
Figure 2.2: (a) Monoclinic HfO2 structrue. (b) Amorphous HfO2
structure with monoclinic unit cell. (c) Amorphous HfO2 structure with
cubic unit cell. The blue and red color balls represent hafnium (Hf) and
oxygen (O) atoms, respectively.
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(a) (b)
(c)
Figure 2.3: (a) Radial distribution function (b) coordination number and
(c) density of states of the obtained a-HfO2 structure.
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redistribution (∆ρ) was calculated. The definition is as the following.
∆ρ = ρtotal − Σρsub (2.4)
In which ρtotal and ρsub represent the charge density distribution of the
whole system and all the isolated subparts, respectively. The result of the
calculated charge density redistribution of the system is shown in Figure 2.4b.
We can see the charge redistribution area between graphene and the a-HfO2
substrate is small, and graphene does not lose or obtain electrons, so that
graphene is neutral in this case with the pristine a-HfO2 substrate. This
model will serve as a reference to clearly show the doping effect on graphene
in the following chapters.
(a) (b)
Figure 2.4: (a) atomic structure (b) charge redistribution of the obtained
a-HfO2 structure. In the atomic structure on the left, the green, red and
blue represent carbon, oxygen and hafnium atoms, respectively. The
interlayer distance between graphene and a-HfO2 is 2.0107 A˚. In the
charge redistribution on the right, the yellow, red and grey balls represent
carbon, oxygen and hafnium atoms, respectively. The red and blue
isosurfaces represent electron accumulation and depletion regions,
respectively. The isosurface value is set to be 0.001 A˚
−3
. The charge density
redistribution configuration was generated by XCrysDen program [28].
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2.5 Summary
In this chapter we build up the model of the system of graphene chemi-
cal sensor, in which graphene is on the top of a-HfO2 substrate. With
MD simulations we establish the preliminary a-HfO2 structure using the
annealing-quenching process, then with DFT simulations we obtain the op-
timized a-HfO2 structure. Comparing the structural and electric properties
of the obtained a-HfO2 structure with those in the previous study, we show
that our structure is accurate and thus suitable for a substrate. Graphene
is located on top of the a-HfO2 and through relaxation in DFT we got the
stabilized and optimized graphene chemical sensor structure.
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CHAPTER 3
N -TYPE DOPING EFFECT ON
GRAPHENE FROM DEFECTS ON
SURFACE: VACUUM CASE
3.1 Introduction
Once deposited onto a specific substrate, the structural and electronic prop-
erties of graphene will be affected by the underneath dielectric material. The
corrugation of the surface of the substrate can induce ripples to graphene
because of its low thickness. Moreover, the defects on the surface of the
substrate can introduce doping effects on graphene because of the unpaired
electrons. In our model, the a-HfO2 substrate has no crystalline domain
boundaries due to its amorphous phase, thus we have a surface of better
quality. However, the defects on the surface should still be considered. The
oxygen vacancies (VOs) are the most common defects on the surface ofHfO2,
from previous study [17], these VOs can introduce n-type doping effect on
graphene.
In this chapter, we discuss the case in which the graphene humidity sensor
is brought into vacuum. In the vacuum, it is not necessary to consider the
interactions between the system and other molecules, the only factor affecting
the performance of the sensor is the VOs on the surface of the a-HfO2
substrate. We will gradually increase the number of the VOs on the surface
of the substrate and see the resultant doping effect on graphene.
3.2 N -type Doping Effect from Defective Substrate on
Graphene
Figure 3.1a shows the atomic structure for the system with 4 VOs on the
surface of the substrate, which mimics the vacuum condition for the device.
VOs in the a-HfO2 surface can induce n-type doping effect on graphene [17].
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To further understand the effect of change in defect densities, the number of
VOs is increased from 1 to 4. The locations of the removed oxygen atoms
(atom A, B, C and D) are shown as in Figure 3.1a. First, we obtained the
shift of the partial density of states (PDOS) of graphene, as shown in Figure
3.1b. Originally when the a-HfO2 substrate is intrinsic, the location of the
minima of the graphene PDOS is at 0 eV, implying that the Fermi Level
of graphene is the same with its Dirac Point and graphene is intrinsic. As
more and more defects are introduced on the surface of the substrate, the
location of the minima of the PDOS of graphene is moved to the negative
area, indicating the Fermi Level of graphene is further shifted above the Dirac
Point, showing stronger n-type doping effect on graphene.
(a) (b)
Figure 3.1: (a) The atomic structure of the graphene chemical sensor system
in vacuum condition. A, B, C and D indicate the location of the removed
oxygen atoms. (b) The PDOS of graphene when the number of VOs is
increased from 1 (VO1) to 4 (VO4) on the surface of the a-HfO2 substrate.
In addition, the interlayer distances and the interaction energies between
graphene and a-HfO2 were calculated and listed in Table 3.1. The more
defective sites on the surface of the substrate can induce stronger interactions
between graphene and a-HfO2 and hence smaller interlayer distance value
and stronger interaction energy. The way to calculate the interaction energy
(Einter) is defined as the following,
Einter = Etotal − Egraphene − EHfO2 (3.1)
To confirm that the n-type doping effect on graphene is from the extra
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Table 3.1: Values of (EDirac-EFermi) of graphene, and interlayer distance
and interaction energy (Einter) between graphene (GR) and a-HfO2
(pristine and defective)
GR+HfO2 GR+HfO2
(VO1)
GR+HfO2
(VO2)
GR+HfO2
(VO4)
EDirac-EFermi(eV) 0 -0.8745 -0.9205 -1.1929
Interlayer Distance (A˚) 2.1122 1.8653 1.8532 1.8292
Interaction Energy (eV) 2.6774 5.9669 6.5639 8.8184
electrons on defective a-HfO2 surface, the Hf atoms missing O atoms are
passivated with H atoms. As shown in Figure 3.2, the PDOS of graphene
is recovered to the position where that of graphene + pristine a-HfO2 is
located, indicating that when the unsaturated Hf atoms are connected with
H atoms, the n-type doping effect on graphene vanishes. This proves that the
unpaired free electrons of Hf atoms due to the absense of O atoms are the
reactive sites causing n-type doping effect on graphene. In addition, based
upon the structure of graphene/HfO2(VO4), we calculate the charge density
redistribution, as shown in Figure 3.3b. It should be noted that the charge
redistribution area between graphene and a-HfO2 is very large and graphene
has a large area of electron accumulation due to the VOs on the surface of
the substrate. All of the above confirm that the oxygen vacancies (VOs)
on the surface of the a-HfO2 substrate can induce n-type doping effect on
graphene. This is the case in vacuum condition.
3.3 Summary
In this chapter, we discuss about the model mimicing the vaccum condition,
in which graphene is interacting with defective a-HfO2 substrate with oxy-
gen vacancies on the surface. Through the calculation of the partial density
of states, interlayer distances, interaction energies and charge density redis-
tributions, we show that the oxygen vacancies on the surface of the substrate
can induce n-type doping effect on graphene, which is in agreement with the
previous study.
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(a)
Figure 3.2: The PDOS for graphene interacting with prinstine a-HfO2,
defective a-HfO2 and hydrogen passivated defective a-HfO2.
(a) (b)
Figure 3.3: (a) Atomic structure and (b) charge redistribution configuration
for the system of graphene interacting with a-HfO2 substrate who has 4
VOs on the surface.
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CHAPTER 4
P -TYPE DOPING EFFECT ON
GRAPHENE FROM OXYGEN
MOLECULES: THE DRY AIR CASE
4.1 Introduction
When the graphene chemical sensor is brought into application, we should
consider the interactions of graphene/a-HfO2 system with ambient small
molecules as O2 and H2O. This kind of interactions are of significant im-
portance for understanding the operation process in the real world, prevent-
ing external noise to the response, etc. Previous study [16] shows that O2
molecules act as an electron acceptor to graphene and cause strong hole-
doping effect. With the help of water molecules, wet O2 gas had a even
stronger hole-doping capability on graphene. Assumptions were made that
O2 molecules trapped between graphene and the substrate (SiO2) and got
connected with the substrate with a very weak covalent bond so that they
brought p-type doping effect on graphene. Another study [29] about ph-
ysisorption of O2 molecules onto pristine and defective graphene with spin-
polarized DFT calculation reveals that the presence of O2 molecules induce
holes in the majority-spin band of graphene.
In this chapter, we will discuss the interactions betweenO2 and graphene/a-
HfO2 system. This corresponds to the condition that the graphene sensor
system is in dry air. It is obvious that O2 molecules can appear both on
the top of graphene and at the interlayer between graphene and the sub-
strate. We will discuss the effects of O2 molecules on graphene concerning
the locations where O2 molecules appear.
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4.2 Intercalated Oxygen Molecules Eliminating N -type
Doping Effect From Substrate On Graphene
When the graphene+a-HfO2(VO) system is exposed to the dry air from the
vacuum, there is the possibility that O2 molecules in the air can intercalate
between graphene and a-HfO2. Since the defects on the surface of a-HfO2
are reactive sites, O2 molecules can form bonds with Hf atoms. To confirm
this hehavior, we placed 4 O2 molecules between graphene and a-HfO2(VO)
surface and relax the structure. Figure 4.1a shows the optimized structure
with the location of the intercalated O2 molecules as 1 to 4. It should be
noted that the intercalated O2 molecules are attached to the unsaturated Hf
atoms and forming Hf -O bonds. Since the unpaired electrons of originally
unpassivated Hf atoms are now paired by the electrons of O2 molecules, the
reactive sites are no longer present and the doping effect from the defective
HfO2 surface to graphene should be eliminated. We calculated the charge
density redistribution and the PDOS of graphene, shown in Figure 4.1b and
4.1d to support the elimination of the n-type doping effect from the substrate
to graphene. In Figure 4.1b we can see the charge redistribution area between
graphene and a-HfO2 substrate is much smaller than that in Figure 3.3 and
in Figure 4.1d we see the PDOS of graphene returns to the location of that
of the system of graphene/a-HfO2(pristine), which means the Dirac point of
graphene is coincident with its Fermi Level again, showing graphene returns
to its intrinsic state.
To further understand the interaction between the intercalatedO2 molecules
and the a-HfO2(VO4) substrate, the binding energy between each interca-
lated O2 molecule (indicated as 1 to 4 in Figure 4.1a) and the a-HfO2 sub-
strate, together with the bond length between O atoms of the intercalated
O2 molecules and the Hf atoms on the surface of the a-HfO2 substrate were
calculated and summarized in Table 4.1, and Figure 4.1c provides a cartoon
view of the results. The binding energy is calculated as
Ebinding = Etotal − EspecifiedO2 − EHfO2+otherO2 (4.1)
where Etotal is the energy of the whole system, EspecifiedO2 is the energy
of one specified O2 molecule and EHfO2+otherO2 is the energy of a-HfO2 and
other O2 molecules in the isolated states, respectively.
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(a) (b)
(c) (d)
Figure 4.1: (a) Atomic structure and (b) charge density redistribution of
the system of graphene (GR) and a-HfO2 whose oxygen vacancies (VOs)
are saturated with O2 molecules (the system of a-HfO2(VO,O2)). (c)
Schematic view of the system to show the average Hf -O bond length
between O atoms of the intercalated O2 and Hf atoms on the surface of
defective HfO2, average binding energy per bond and Bader population
[30, 31, 32, 33], of intercalated and original O atoms are also shown. (d)
The PDOS of graphene for the structure of graphene + a-HfO2(VO,O2)
with/without 5 O2 molecules on top of graphene.
21
Table 4.1: Binding energies and Hf -O bond-length when additional 4 O2
molecules are attached to the surface of the defective a-HfO2 with 4 VOs
(Figure 4.1a)
O2 molecule index 1 2 3 4
Binding energy (eV) -10.98 -10.02 -11.07 -9.27
Hf -O bond length (A˚) 2.18 2.00 2.16 2.03
2.18 2.22 2.20 2.05
2.12 2.15 2.50 2.20
2.26 – 2.25 –
It should be noted that the average of the binding energy over all Hf -O
bonds is now about 2.50 eV, which is smaller than the reported value of 5.46
eV for monoclinic HfO2 [34]. This is consistent with the average value of
Hf -O bond length (2.179 A˚), which is larger than that of the same study, 2.04
A˚. As a result, it is expected that the Hf -O binding energy becomes smaller
with the increased bond-length value. We also performed Bader population
analysis [30, 31, 32, 33] and found the average Bader population for O atoms
originally bonded with Hf atoms within a-HfO2(VO4) is 7.86638 e, while
that of those O atoms of the 4 intercalated O2 molecules is 6.85385 e. All of
the above show that the interaction between the intercalated O2 molecules
and the a-HfO2(VO4) substrate is weaker than the Hf -O bonds in HfO2.
This kind of interactions should induce weak covalent bonds.
4.3 Oxygen Molecules on Top of Graphene Acting as
Electron Acceptors
O2 molecules can also appear on the top of graphene when the whole device
is exposed to the dry air. In order to further understand the effect of O2
molecules, 5 O2 molecules were placed on the top of the whole system, namely
graphene(GR) + a-HfO2(VO,O2). The atomic structure of the system is
shown in Figure 4.2a, in which O2 molecules are appearing both above and
underneath graphene. The corresponding charge density redistribution was
calculated and shown as Figure 4.2b. As stated in the previous section, theO2
molecules intercalated between graphene and the substrate will saturate the
reactive sites on the surface of a-HfO2. As a result, the charge redistribution
area between graphene and the substrate in Figure 4.2b is much smaller
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than that in Figure 3.3b. At the same time the large area of the charge
redistribution between graphene and O2 above is observed. The large area of
electron depletion on graphene surface is also presented, indicating electrons
are transferred from graphene to O2. The PDOS of graphene in this case is
also calculated and shown in Figure 4.1d. It shows that the minima of the
PDOS of graphene moves to the positive region, indicating the Fermi Level
of graphene is moving below its Dirac point, which means the O2 molecules
appearing on the top of graphene can accept charge from graphene. All of
the above results shows that O2 molecules appearing on the top of graphene
act as electron acceptors and bring p-type doping effect on graphene.
(a) (b)
Figure 4.2: (a) atomic structure and (b) charge density redistribution for
the system of graphene(GR) + a-HfO2(VO,O2), corresponding dry air
condition
4.4 Summary
We discuss about the effect from O2 molecules to the graphene/a-HfO2(VO)
system, mimicing the case in which the graphene chemical sensor is brought
into dry air. O2 molecules can intercalate underneath graphene, and appear
on the top of graphene. The O2 molecules intercalated between graphene and
the a-HfO2 substrate fill the unpaired Hf atoms and saturate the reactive
sites, thus eliminating the n-type doping effect on graphene from the surface
of the substrate. The O2 molecules appearing on the top of graphene act as
electron acceptors, inducing p-type doping effect on graphene. The overall
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result is that when the system of graphene/a-HfO2(VO) is brought into dry
air, graphene will be p-type doped.
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CHAPTER 5
INTERCALATION AND DOPING EFFECT
OF WATER MOLECULES: THE
ATMOSPHERE CASE
5.1 Introduction
When our graphene chemical sensor system is brought into the atmosphere,
we should consider the interactions between graphene/a-HfO2 system and
ambient H2O molecules, together with the competition between H2O and O2
molecules. At this stage our graphene sensor is put into real application to
measure the humidity, thus the interaction of the system with H2O molecules
is of significant importance to uncover the physical mechanism of the sens-
ing process. Previously graphene has been observed to shift more p-type in
the presence of H2O molecules, which has been attributed to the doping of
graphene by the H2O molecules adsorbing onto the residues or defect sites
on graphene [35, 36]. Another study [16] concerning the hole doping effect
from O2 molecules to graphene has shown that dry O2 molecules reversibly
p-type dope graphene while at the presence of moisture, the p-doping be-
comes stronger and more irreversible by wet O2 flow and over long periods
of exposure, showing that H2O molecules are also important to the doping
effect and performance of graphene.
In this chapter we will discuss the effect of H2O molecules to the graphene
chemical sensor system. Since H2O molecules could appear both intercalated
between graphene and the a-HfO2 substrate and on the top of graphene,
we will explore the effect of these H2O molecules concerning their positions.
Through the discussion of the interactions between H2O and graphene sensor
system, the mechanism of capacitance-based graphene humidity sensor is
uncovered, answering the question why we can detect the humidity change
in the atmosphere by measuring the total capacitance of graphene sensor
system.
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5.2 Intercalation of Water Molecules Underneath
Graphene
Under high humidity in the atmosphere, it is possible that the intercalation
of H2O molecules underneath graphene can occur. To verify this assump-
tion, we utilized MD simulations to explore the phenomenon. The parameter
settings for the simulation are as those presented in Chapter 2. It should be
mentioned that in order for the H2O molecules to be able to have the space to
enter underneath graphene, we applied periodic boundary condition (PBC)
in x- and y-directions for the a-HfO2 substrate, while only y-direction for
graphene. The size of graphene in the x-direction was set to be smaller
than that of a-HfO2 substrate. The dangling bonds at the boundary of
graphene were maintained since we were considering van der Waals inter-
actions between H2O molecules and graphene. The simulation ran for 2 ns
and the final configuration is shown in Figure 5.1. H2O molecules were ini-
tially placed above graphene, and as the simulaiton evolves, these molecules
migrate in between graphene and HfO2. Due to the intercalation of H2O
molecules, the step height between graphene and the substrate increased
by 1.18 A˚, showing the enlargement of the interlayer distance. We know the
measured capacitance is a series of the quantum capacitance of graphene and
the geometric capacitance between graphene and the surface of the a-HfO2
substrate. As the H2O molecules enter into the interlayer region of graphene
and the substrate, the step height of the region is enlarged, bringing a larger
gate-to-graphene separation, thus changing the geometric capacitance. The
large dielectric constant of the interfacial H2O molecules will also affect the
value of the geometric capacitance. Actually from the experimental work
of our collaborators, it is shown that the measured capacitance value of the
graphene sensor system follows the change of the humidity closely with a
positive correlation [14]. This phenomena explains why we can measure the
capacitance value of the graphene/a-HfO2 system to sense the humidity. It
is because H2O molecules intercalate at the interface between graphene and
the a-HfO2 substrate and change the step height together with interfacital
dielectric constant.
The doping effect of the intercalated H2O molecules are investigated as
the following. In Figure 5.2a and 5.2c, we show the structure of graphene
+ HfO2(VO4) + O2(both between and on top) + H2O(on top) with and
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(a)
Figure 5.1: Snapshot from MD simulations to describe the intercalation of
H2O molecules between graphene and HfO2 substrate after 2 nanoseconds.
The subplot shows a 3D perspective view of the whole system. Green, red,
blue and grey represent carbon(C), oxygen(O), hafnium(Hf) and
hydrogen(H), respectively.
without the H2O layer between graphene and the substrate. Figure 5.2b and
5.2d present the charge redistribution profile for these two configurations.
We can see the charge density redistribution around graphene are similar to
each other. We also calculated the PDOS of graphene for these two different
cases and the result is shown in Figure 5.2e. The profile of the PDOS of
graphene for both systems are almost the same and the minima of the PDOS
locates at the same position. So we come to a conclusion that the layer of
H2O molecules between graphene and the a-HfO2 substrate does not have
doping effect on graphene.
5.3 Competition of Water Molecules against Oxygen
Molecules on top of Graphene
To further understand the effect of increased humidity on the performance
of the graphene/a-HfO2 system, the composition of O2 molecules and H2O
molecules on the top of graphene is investigated. It is expected that under
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(a) (b)
(c) (d)
(e)
Figure 5.2: (a) Atomic structure and (b) charge redistribution of the
structure of graphene + HfO2 + O2(between and top) with intercalated
H2O layer. (c) Atomic structure and (d) charge redistribution of the
structure of graphene + HfO2 + O2(between and top) without intercalated
H2O layer. (e) PDOS of graphene for the above two systems.
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high humidity, more H2O molecules are present on top of graphene while
fewer O2 molecules exist. To investigate this behavior, we perform MD sim-
ulaitons of O2 and H2O mixture in the confined system. The parameter
settings of the MD simulaiton are as those described in Chapter 2. The
structure set up is presented as the following.
The simulation box has the dimension of 100.70 × 102.09 × 2230 A˚3. We
put graphene sheets on both top and bottom of the box with the periodic
boundary conditions in both x- and y-directions. We first introduced 574 O2
molecules into the box and performed MD simulations with NVT ensemble
at 293.15 K. The number of O2 molecules was determined by mathching
the bulk density of O2 at 293.15 K and 1 atm. After the system reached
the equilibrium state, we added 347 H2O molecules into the simulation box,
mixing with O2 molecules and the system was relaxed again. The number of
H2O added to the system was determined by matching the bulk density of
the water vapor under the same condition as that of O2 molecules.
(a) (b)
Figure 5.3: (a) Density profile of O2 along z-direction for pure O2 and
H2O-O2 mixture, respectively. The subplot shows the bulk density of O2
under 293.15 K and 1 atm. (b) Density profile of O2 and H2O molecules
along z-direction for H2O-O2 mixture. The subplot is the bulk density of
O2 and water vapor under 293.15 K and 1 atm.
The density profiles along the z-direction for O2 and H2O molecules are
shown in Figure 5.3a and 5.3b. From the Figure 5.3a, after H2O are added
into the system, the first peak of the density profile of O2 drops significantly
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while the position of the peak remains the same as before. This indicates
that there are fewer O2 molecules above graphene in the mixture than the
pure O2 case. From Figure 5.3b, in the H2O-O2 mixture, the first peak of the
density profile of H2O molecules is located at the same position as that of
O2. This means that H2O molecules are present at nearly the same distance
above graphene as that of O2. These results clarify that at higher humidity,
H2O is present above graphene, and the number of O2 is smaller compared
to the pure O2 case, because the H2O molecules displace the O2 molecules.
In order to understand graphene doping effect when H2O is placed above
graphene and correspondingly the number of O2 is decreased, we performed
DFT simulations. We changed the composition from 0 H2O molecules and
5 O2 molecules (W0O5) to 4 H2O molecules and 1 O2 molecule (W4O1)
to investigate the change in the doping effect, with the atomic structure
shown in Figure 5.4a. The PDOS of graphene was calculated for different
composition of H2O and O2 molecules and the results are shown in Figure
5.4b. As expected, the composition of 0 H2O molecules and 5 O2 molecules
(W0O5) shows the strongest p-type doping effect on graphene. Then as more
and more H2O molecules are introduced and fewer and fewer O2 molecules
remain on the top, the minima of the PDOS of graphene is further shifted
to the left, meaning the Fermi Level of graphene shifts up but still below the
Dirac Point (less p-type doped).
5.4 Summary
We have discussed the interactions between the graphene/a-HfO2 system
and H2O molecules and the competitions between H2O molecules and O2
molecules on the top of graphene. For the former one, our MD simulation re-
sults show that H2O molecules can get intercalated into the interfacial layer
between graphene and the substrate. As a result, the interlayer distance is
enlarged and the interfacial dielectric constant is different, thus changing the
geometric capacitance between graphene and the substrate. With different
humidity of the ambient atmosphere, the number of the intercalated H2O
molecules will be different, and hence results in different geometric capaci-
tance. This is the mechanism based on which we can detect the humidity
change with the measurement of the capacitance of the whole sensor sys-
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(a) (b)
Figure 5.4: (a) Atomic structure and (b) PDOS for graphene from the
structure of H2O and O2 mixture + graphene + water layer + HfO2 with
different composition of H2O and O2 molecules.
tem. In addition, our DFT results show that the intercalated layer of H2O
molecules does not have doping effect on graphene.
Concerning the competition between H2O and O2 on the top of graphene,
through MD simulations, we find that when the system is brought into at-
mosphere from the dry air, the H2O molecules in the ambient environment
can displace the originally existed O2 molecules on the top of graphene, thus
decreasing the p-type doping effect on graphene from O2. This result is quite
different from previous study, as individual H2O molecules have been shown
to have p-type doping effect on graphene [35, 36], and the mixture of H2O
and O2 flow can induce stronger p-type doping on graphene compared with
pure O2 molecules [16]. In fact, our device is first located in dry air and
then brought into the atmosphere, thus the interaction between the sensor
system and ambient O2 and H2O is different from those in the literature.
As shown in Figure 5.2e, the PDOS of graphene does not change too much
when there is a layer of H2O molecules is present underneath it, indicating
H2O molecules should be weak electron acceptors. When brought from dry
air into the atmosphere, less p-type doping effect on graphene is observed
because the number of O2 molecules on the top of graphene is decreased due
to the presence of H2O molecules.
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CHAPTER 6
CONCLUSION
6.1 Summary
In summary we explore the physical mechanism of the capacitance-based
graphene humidity sensor in this thesis. We place our graphene/a-HfO2
system into vacuum, dry air and atmosphere, respectively and discuss about
the effect from the oxygen vacancies (VOs) on the surface of the a-HfO2
substrate, the O2 molecules and H2O molecules from surroundings on the
sensing behavior of graphene.
Under the vacuum condition, there are no ambient molecules to interact
with graphene/a-HfO2 system and the defects on the surface of HfO2 sub-
strate play an important role concerning the doping effect on graphene. We
considered the most common defects for HfO2 surface, the oxygen vacancies
(VOs). We find as more and more O atoms are removed from the surface of
a-HfO2 substrate, the n-type doping effect on graphene becomes stronger
and stronger. The n-type doping effect comes from the unpaired electrons of
those unsaturated Hf atoms.
In the dry air, the ambient O2 molecules can both intercalate into the
graphene/a-HfO2 interface, and appear on the top of graphene. Our DFT
simulation results show that the intercalated O2 molecules can fill the VOs
on the surface of the a-HfO2 substrate and form Hf -O bonds with those Hf
atoms missing O atoms on the surface. The saturation of the unpassivated
Hf atoms results in the elimination of the n-type doping effect on graphene
due to originally existed VOs. The O2 molecules appearing on the top of
graphene act as electron acceptors and obtain charges from graphene, bring-
ing p-type doping effect on graphene. The overall result is that graphene
becomes p-type doped in the dry air.
When the graphene/a-HfO2 system is brought into the atmosphere, the
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ambient H2O molecules can not only get intercalated underneath graphene,
but also appearing on the top of graphene and interact with the originally ex-
isted O2 molecules. Through MD simulation we capture the dynamic process
of the intercalation of H2O molecules and find the mechanism how different
himidity of the atmosphere affect the measured capacitance value of the whole
system. For different ambient humidity, the extent of H2O intercalation will
be different, resulting in different interlayer distances and interfacital dielec-
tric constant, hence different geometric capacitance. In addition, the DFT
simulation results show that the intercalated H2O molecules do not have
doping effect on graphene. We have studied the competition between H2O
molecules and originally existed O2 molecules on the top of graphene using
MD simulations. We find the originally existed O2 molecules on the top of
graphene are displaced by the newly introduced H2O molecules, the number
of O2 molecules above graphene is decreased, thus decreasing the p − type
doping effect on graphene. Overall, graphene is less p-type doped compared
with that of the dry air case.
As a conclusion, the overall system configurations and corresponding charge
redistributions under different conditions are shown again in Figure 6.1. The
corresponding PDOS of graphene is presented as Figure 6.2. This work has
wide-ranging implications for the fundamental understanding of chemical
sensors and a wide range of electronic devices based upon graphene.
6.2 Future Work
One of the future directions is to utilize graphene/a-HfO2 system to other
applications, such as transistors, due to the good performance of the high-
dielectric HfO2 material. It is possible to add gate voltage to the system
and perform Non-Equilibrium Green’s Function calculation to get the I-V
curve of the graphene above the substrate under different gate voltages.
Another possible direction for the future research is to combine a-HfO2
substrate to other 2D materials, like MoS2 and the newly discovered black
phosphorene, to explore their sensing behavior or the potetial for energy
storage and so on.
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(a) (b)
(c) (d)
Figure 6.1: Atomic configuration (left) and corresponding charge
redistribution (right) representing the range of conditions utilized in the
sensing process. (a) graphene above pristine a-HfO2, serving as a
reference, (b) graphene above a-HfO2(VO4), the configuration under
vacuum condition, (c) graphene above a-HfO2(VO4) with 4 O2 molecules
underneath graphene (index 1 to 4) and 5 O2 molecules on top, the
configuration under dry air condition, (d) graphene above a-HfO2(VO4)
with 4 O2 + 13 H2O molecules in between and 3 O2 + 2 H2O molecules on
top, the configuration under atmosphere.
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(a)
Figure 6.2: The partial density of states (PDOS) of graphene under
different conditions utilized in the sensing process.
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APPENDIX A
BADER POPULATION ANALYSIS OF
GRAPHENE UNDER DIFFERENT
CONDITIONS
For further evidence of the doping effect of graphene, Bader population [30,
31, 32, 33] of graphene and the number of electrons transferred to graphene
for all the systems in Figure 6.1 were calculated and summarized in Table
A.1. From the results, we can see that graphene gains electrons (4.0929e)
and so is n-type doped for the situation in Figure 6.1b, with VOs on HfO2
substrate. Graphene loses electrons (-0.6004e) and is p-type doped with the
introduction of O2 molecules as in the case of Figure 6.1c. Graphene loses
fewer electrons (-0.3357e) and is less p-type doped in the presence of both
O2 and H2O, as is in Figure 6.1d. In addition, Table A.1 also lists the
calculated interlayer distance between graphene and the a-HfO2 substrate.
The results show that oxygen vacancies decrease the interlayer distance (1.72
A˚), compared to the case of pristine HfO2 (2.01 A˚), indicating a stronger
interaction between graphene and defective a-HfO2. When O2 molecules
fill the VOs, the interlayer distance is increased to be 1.88 A˚, indicating a
weakened interaction compared to the situation without O2. Finally, when
H2O molecules intercalate at the interlayer as shown in Figure 6.1d, the
interlayer distance increases substantially to 2.44 A˚.
The above results are calculated with the GGA-PBE exchange-correlation
functionals. Since it is possible that Bader population can be dependent
on the exchange-correlation functionals, Bader population analysis for the
systems in Figure 6.1a to 6.1d was performed with different functionals. The
results are listed in Table A.2, showing that Bader population analysis is
negligibly dependent on different exchange-correlation functionals.
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Table A.1: Bader population of graphene, amount of charge transferred to
graphene, doping effect on graphene and interlayer distance between
graphene and a-HfO2 substrate for the systems in Figure 6.1a to 6.1d.
Structure Fig 6.1a Fig 6.1b Fig 6.1c Fig 6.1d
Bader Population (e) 191.9625 196.0929 191.3996 191.6643
Charge Transfer (e) -0.0375 4.0929 -0.6004 -0.3357
Doping Effect neutral n-type p-type less p-type
Interlayer Distance (A˚) 2.0107 1.7242 1.8788 2.4395
Table A.2: Bader population calculations for systems from Figure 6.1a to
6.1d with different exchange-correlation functionals
Structure Fig 6.1a Fig 6.1b Fig 6.1c Fig 6.1d
GGA PBE [21] 191.9625 e 196.0929 e 191.3996 e 191.6643 e
GGA PBEsol [37] 191.9637 e 196.1519 e 191.4439 e 191.6974 e
GGA RPBE [38] 191.9603 e 196.0666 e 191.4020 e 191.6662 e
LDA CA [39] 191.9624 e 196.1669 e 191.4237 e 191.6826 e
LDA PW92 [40] 191.9622 e 196.1658 e 191.4218 e 191.6815 e
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APPENDIX B
ADDITIONAL STATES NEAR THE FERMI
LEVEL OF GRAPHENE
It should be noted that in Figure 4.1d, 5.2e, 5.4b and 6.2, when O2 molecules
are adsorbed on the surface of graphene, there is a small peak near the Fermi
Level of graphene in the PDOS plot, indicating the appearance of additional
states. Here, we provide an explanation of this phenomena. Consider the sys-
tem in Figure B.1a in which an O2 molecule is adsorbed on top of graphene.
After structure relaxation we obtain the band structure of the whole system
and the PDOS of graphene, shown in Figure B.1b and B.1c, respectively. For
the band structure, there are 2 additional states appearing near the Fermi
Level which are not present in the pure graphene system. Also for the PDOS
of graphene, there is a small peak appearing at the Fermi Level. The wave
functions corresponding to the 4 states (indicated by index 1 to 4 in Figure
B1.c) near the Fermi Level of graphene at the Γ point are plotted. The wave
functions of state 1 and state 4 are located only around graphene while the
wave functions of state 2 and state 3 are located around both graphene and
the O2 molecule. When the band structure is projected to the carbon atoms
to obtain the PDOS of graphene, state 2 and state 3 also have contributions
to the PDOS, thus a peak appears near the Fermi Level of graphene in the
PDOS plot. In addition, the height of this peak could represent the coupling
between graphene and the O2 molecule to some extent, closely related to the
doping extent to graphene. Remember in Figure 5.4b we showed that as the
number of O2 molecules is decreased and the number of H2O molecules is
increased on the top of graphene, we observe the height of the peak at the
Fermi Level in the PDOS plot is decreased, which can explain that the p-type
doping to graphene is becoming weaker.
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(a) (b)
(c) (d)
Figure B.1: (a) Atomic structure and (b) band structure for the system of
graphene with an O2 molecule adsorbed on top. (c) PDOS of graphene, the
Fermi Level is ajusted to be 0.0 eV. (d) Plot for wave functions of the 4
states in (b). The wave function plots are generated with VESTA program
[41].
39
REFERENCES
[1] K. S. Novoselov, A. K. Geim, S. Morozov, D. Jiang, Y. Zhang,
S. Dubonos, I. Grigorieva, and A. Firsov, “Electric field effect in atom-
ically thin carbon films,” science, vol. 306, no. 5696, pp. 666–669, 2004.
[2] Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y.
Chiu, A. Grill, and P. Avouris, “100-ghz transistors from wafer-scale
epitaxial graphene,” Science, vol. 327, no. 5966, pp. 662–662, 2010.
[3] M. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, and
X. Zhang, “A graphene-based broadband optical modulator,” Nature,
vol. 474, no. 7349, pp. 64–67, 2011.
[4] F. Xia, T. Mueller, Y.-m. Lin, A. Valdes-Garcia, and P. Avouris, “Ul-
trafast graphene photodetector,” Nature nanotechnology, vol. 4, no. 12,
pp. 839–843, 2009.
[5] R. Stine, S. P. Mulvaney, J. T. Robinson, C. R. Tamanaha, and P. E.
Sheehan, “Fabrication, optimization, and use of graphene field effect
sensors,” Analytical chemistry, vol. 85, no. 2, pp. 509–521, 2012.
[6] R. K. Joshi, H. Gomez, F. Alvi, and A. Kumar, “Graphene films and
ribbons for sensing of o2, and 100 ppm of co and no2 in practical con-
ditions,” The Journal of Physical Chemistry C, vol. 114, no. 14, pp.
6610–6613, 2010.
[7] M. Pumera, A. Ambrosi, A. Bonanni, E. L. K. Chng, and H. L. Poh,
“Graphene for electrochemical sensing and biosensing,” TrAC Trends in
Analytical Chemistry, vol. 29, no. 9, pp. 954–965, 2010.
[8] F. Schedin, A. Geim, S. Morozov, E. Hill, P. Blake, M. Katsnelson,
and K. Novoselov, “Detection of individual gas molecules adsorbed on
graphene,” Nature materials, vol. 6, no. 9, pp. 652–655, 2007.
[9] J. D. Fowler, M. J. Allen, V. C. Tung, Y. Yang, R. B. Kaner, and B. H.
Weiller, “Practical chemical sensors from chemically derived graphene,”
Acs Nano, vol. 3, no. 2, pp. 301–306, 2009.
40
[10] J. Li, S. Guo, Y. Zhai, and E. Wang, “High-sensitivity determination
of lead and cadmium based on the nafion-graphene composite film,”
Analytica chimica acta, vol. 649, no. 2, pp. 196–201, 2009.
[11] J. Li, S. Guo, Y. Zhai, and E. Wang, “Nafion–graphene nanocomposite
film as enhanced sensing platform for ultrasensitive determination of
cadmium,” Electrochemistry Communications, vol. 11, no. 5, pp. 1085–
1088, 2009.
[12] M. Zhou, Y. Zhai, and S. Dong, “Electrochemical sensing and biosens-
ing platform based on chemically reduced graphene oxide,” Analytical
Chemistry, vol. 81, no. 14, pp. 5603–5613, 2009.
[13] D. A. Deen, E. J. Olson, M. A. Ebrish, and S. J. Koester, “Graphene-
based quantum capacitance wireless vapor sensors,” Sensors Journal,
IEEE, vol. 14, no. 5, pp. 1459–1466, 2014.
[14] E. J. Olson, R. Ma, T. Sun, M. A. Ebrish, N. Haratipour, K. Min, N. R.
Aluru, and S. J. Koester, “Capacitive sensing of intercalated molecules
using graphene,” Submitted, jan 2015.
[15] J. Martin, N. Akerman, G. Ulbricht, T. Lohmann, J. Smet, K. Von Klitz-
ing, and A. Yacoby, “Observation of electron–hole puddles in graphene
using a scanning single-electron transistor,” Nature Physics, vol. 4, no. 2,
pp. 144–148, 2008.
[16] S. Ryu, L. Liu, S. Berciaud, Y.-J. Yu, H. Liu, P. Kim, G. W. Flynn, and
L. E. Brus, “Atmospheric oxygen binding and hole doping in deformed
graphene on a sio2 substrate,” Nano letters, vol. 10, no. 12, pp. 4944–
4951, 2010.
[17] W. Scopel, A. Fazzio, R. Miwa, and T. Schmidt, “Graphene on amor-
phous hfo 2 surface: An ab initio investigation,” Physical Review B,
vol. 87, no. 16, p. 165307, 2013.
[18] S. Luryi, “Quantum capacitance devices,” Applied Physics Letters,
vol. 52, no. 6, pp. 501–503, 1988.
[19] T. Fang, A. Konar, H. Xing, and D. Jena, “Carrier statistics and quan-
tum capacitance of graphene sheets and ribbons,” Applied Physics Let-
ters, vol. 91, no. 9, p. 092109, 2007.
[20] J. M. Soler, E. Artacho, J. D. Gale, A. Garc´ıa, J. Junquera, P. Ordejo´n,
and D. Sa´nchez-Portal, “The siesta method for ab initio order-n materi-
als simulation,” Journal of Physics: Condensed Matter, vol. 14, no. 11,
p. 2745, 2002.
41
[21] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient ap-
proximation made simple,” Physical review letters, vol. 77, no. 18, p.
3865, 1996.
[22] H. J. Monkhorst and J. D. Pack, “Special points for brillouin-zone inte-
grations,” Physical Review B, vol. 13, no. 12, p. 5188, 1976.
[23] S. Plimpton, “Fast parallel algorithms for short-range molecular dynam-
ics,” Journal of computational physics, vol. 117, no. 1, pp. 1–19, 1995.
[24] Y. Wu and N. Aluru, “Graphitic carbon–water nonbonded interaction
parameters,” The Journal of Physical Chemistry B, vol. 117, no. 29, pp.
8802–8813, 2013.
[25] S. J. Stuart, A. B. Tutein, and J. A. Harrison, “A reactive potential for
hydrocarbons with intermolecular interactions,” The Journal of chemi-
cal physics, vol. 112, no. 14, pp. 6472–6486, 2000.
[26] A. K. Rappe´, C. J. Casewit, K. Colwell, W. Goddard Iii, and W. Skiff,
“Uff, a full periodic table force field for molecular mechanics and molec-
ular dynamics simulations,” Journal of the American Chemical Society,
vol. 114, no. 25, pp. 10 024–10 035, 1992.
[27] T.-R. Shan, B. D. Devine, T. W. Kemper, S. B. Sinnott, and
S. R. Phillpot, “Charge-optimized many-body potential for the
hafnium/hafnium oxide system,” Physical Review B, vol. 81, no. 12,
p. 125328, 2010.
[28] A. Kokalj, “Xcrysdena new program for displaying crystalline structures
and electron densities,” Journal of Molecular Graphics and Modelling,
vol. 17, no. 3, pp. 176–179, 1999.
[29] H. Guang, M. Aoki, S. Tanaka, and M. Kohyama, “Hole doping by ad-
sorption of oxygen on a stone–thrower–wales defect in graphene,” Solid
State Communications, vol. 174, pp. 10–15, 2013.
[30] R. F. Bader, Atoms in molecules. Wiley Online Library, 1990.
[31] G. Henkelman, A. Arnaldsson, and H. Jo´nsson, “A fast and robust algo-
rithm for bader decomposition of charge density,” Computational Mate-
rials Science, vol. 36, no. 3, pp. 354–360, 2006.
[32] E. Sanville, S. D. Kenny, R. Smith, and G. Henkelman, “Improved grid-
based algorithm for bader charge allocation,” Journal of computational
chemistry, vol. 28, no. 5, pp. 899–908, 2007.
[33] W. Tang, E. Sanville, and G. Henkelman, “A grid-based bader analysis
algorithm without lattice bias,” Journal of Physics: Condensed Matter,
vol. 21, no. 8, p. 084204, 2009.
42
[34] Z. Hou, X. Gong, and Q. Li, “Energetics and electronic structure of
aluminum point defects in hfo2: A first-principles study,” Journal of
Applied Physics, vol. 106, no. 1, p. 014104, 2009.
[35] Y. Dan, Y. Lu, N. J. Kybert, Z. Luo, and A. C. Johnson, “Intrinsic
response of graphene vapor sensors,” Nano Letters, vol. 9, no. 4, pp.
1472–1475, 2009.
[36] J. Shim, C. H. Lui, T. Y. Ko, Y.-J. Yu, P. Kim, T. F. Heinz, and S. Ryu,
“Water-gated charge doping of graphene induced by mica substrates,”
Nano letters, vol. 12, no. 2, pp. 648–654, 2012.
[37] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuse-
ria, L. A. Constantin, X. Zhou, and K. Burke, “Restoring the density-
gradient expansion for exchange in solids and surfaces,” Physical Review
Letters, vol. 100, no. 13, p. 136406, 2008.
[38] B. Hammer, L. B. Hansen, and J. K. Nørskov, “Improved adsorption
energetics within density-functional theory using revised perdew-burke-
ernzerhof functionals,” Physical Review B, vol. 59, no. 11, p. 7413, 1999.
[39] J. Perdew, E. McMullen, and A. Zunger, “Density-functional theory of
the correlation energy in atoms and ions: a simple analytic model and
a challenge,” Physical Review A, vol. 23, no. 6, p. 2785, 1981.
[40] J. P. Perdew and Y. Wang, “Accurate and simple analytic representa-
tion of the electron-gas correlation energy,” Physical Review B, vol. 45,
no. 23, p. 13244, 1992.
[41] K. Momma and F. Izumi, “Vesta 3 for three-dimensional visualization
of crystal, volumetric and morphology data,” Journal of Applied Crys-
tallography, vol. 44, no. 6, pp. 1272–1276, 2011.
43
